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method was used to design novel chloride materials for energy storage.
• CALPHAD
eutectics and thermodynamics were predicted and conﬁrmed.
• The
• High stable eutectics were obtained and studied by measurement and prediction.
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A thermodynamic description of LiCl-NaCl-CaCl2-ZnCl2 system was critically developed based on computational
thermodynamic principles. The Gibbs energy of liquid phases for LiCl-NaCl-CaCl2-ZnCl2 were described by the
substitutional solution model (SSM) and the associate solution model (ASM). Thermodynamic database was
successfully established for designing the composition and predicting thermodynamics by Kohler-Toop interpolation rule. The predicted molten salt mixtures were further analyzed by DSC. The results show that the LiClNaCl-ZnCl2 and NaCl-CaCl2-ZnCl2 ternary systems with suitable predicted components were expected to be used
as thermal storage media. Additional thermophysical properties like the speciﬁc heat capacities, densities and
thermal stability of ternary systems were also obtained and structures of the melts were determined successfully.
It could be expected that the design of the compositions with superior thermophysical properties would exhibit
extensive potential in concentrating solar power applications.

1. Introduction
The consumption of fossil fuel and natural resources has always
increased to meet the human’s demand for energy. However, many
environmental and economic issues have also arisen due to the use of
fossil fuel [1–5]. The next generation of concentrating solar power plant
(CSP) is widely preferred as a promising and eﬀective way to generate
electricity. The thermal energy storage (TES) technology [6–9] plays an
important role in CSP system, which solves the problem of lack of
continuity in power production due to the strong dependence on sunshine availability. Therefore, it is an urgent need to develop suitable
and eﬃcient heat transfer and heat storage mediums for expanding the
application of CSP.
Molten salt mixtures are considered as promising latent heat
transfer ﬂuids (HTF) and sensible thermal storage materials in solar
energy application since they are provided with excellent thermodynamic and physic-chemical properties [10]. Nitrate mixtures,
⁎

NaNO3/KNO3 (Solar salt) and NaNO3/KNO3/NaNO2 (Hitec salt) have
been widely applied as sensible storage media in industrial CSP application for the past few years. Compared to nitrate, the current majority
of researchers are highly interested in the multicomponent chlorides,
especially ZnCl2-containing eutectic mixtures due to their higher operating temperatures and low costs in CSP applications [11,12]. The
summary report for SunShot program identiﬁed the NaCl-KCl-ZnCl2
mixtures as one of most valuable candidates in the ﬁeld of TES as a
result of their high stability [13], which allows for a higher energy
eﬃciency based on supercritical CO2 Brayton cycles. It is widely known
that higher vapor pressure of the ZnCl2 based chlorides at high operating temperature could promote increased corrosiveness of vessels and
piping materials. However, the ZnCl2-based chloride mixtures could not
strongly corrode the nickel-based alloys since they are much less noble
than that of nickel-based alloys. Vignarooban et al. [14,15] also reported that the corrosion rate of Hastelloy C-276 in NaCl-KCl-ZnCl2 is
quite low with low water and oxygen content. Moreover, the

Corresponding author.
E-mail address: xieleidong@sinap.ac.cn (L. Xie).

https://doi.org/10.1016/j.applthermaleng.2020.114917
Received 3 May 2019; Received in revised form 2 December 2019; Accepted 7 January 2020
Available online 25 January 2020
1359-4311/ © 2020 Published by Elsevier Ltd.

Applied Thermal Engineering 171 (2020) 114917

S. Wu, et al.

Gφ =

application of NaCl-KCl-ZnCl2 mixture salts in CSP plants is hampered
by their relatively small speciﬁc heat capacity [16], because the smaller
speciﬁc heat capacity causes the volume increase of TES, thereby material costs and heat consumption arising. In this regard, other variety
of types of ZnCl2-containing molten salts should be investigated as
potential HTF materials in CSP plants.
In this work, the LiCl-NaCl-CaCl2-ZnCl2 system and its subsystems
were re-optimized and developed based on the Calculation of Phase
Diagrams (CALPHAD) method, which is generally used to design the
composition of the molten salt materials. The thermodynamic database
related to LiCl-NaCl-CaCl2-ZnCl2 system was successfully integrated by
combining the Gibbs energy in the subsystems using Kohler-Toop interpolation method. In light of this, Diﬀerential Scanning Calorimetry
(DSC) was performed to verify the predicted composition of molten
mixtures based on the CALPHAD approach, in which the melting points,
enthalpies of fusion, and the speciﬁc heat capacities of predicted eutectic mixtures were obtained. Meanwhile, the thermophysical properties and structure deﬁnition of ternary systems LiCl-NaCl-ZnCl2 and
NaCl-CaCl2-ZnCl2 were deeply studied by the self-developed densitometer, Thermal Gravimetric Analysis (TGA) and the X-ray diﬀraction
(XRD) methods. The current work aims to develop innovative molten
salt materials for sensible energy storage and provide complete physicochemical data for better evaluation of the selected molten salt mixtures.
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where ref Gφ is the Gibbs energy of pure component i. idGφ refers to
the Gibbs energy of the ideal mixing contribution without inter-change
energy. And the excess Gibbs energy exGφ in the multi-component
mixing originates from the contribution of the non-ideal interactions.
The Redlich-Kister form [23] is commonly modeled to represent the
excess Gibbs energy of mixing in the CALPHAD method, as written in by
Eq. (5):
exG φ

= xi xj ∑

vL φ (x
i, j i

− xj)

(5)

v

where xi represents the concentration of molar fraction in i component,
vL φ refers to the interaction parameter of species i and j dependent on
i, j
the vth order, where the excess Gibbs energy exGφ is regular in the 0th
order and turn to sub-regular in the 1st order.
2.2.2. Associated solution model (ASM)
The associate solution model (ASM) is characterized by predicting
the Gibbs energy of certain types of complex formed within the liquid
phase. In the NaCl-ZnCl2 binary systems, the complex species ZnCl42−
is formed as a result of the inﬂuence of short-range ordering, which
contributes mainly to the Gibbs energy of the liquid phase, as well as
forming a minimum of enthalpies of mixing to achieve a dynamic
equilibrium in the corresponding liquidus. The Gibbs energy is described as:

2.1. Single salts
For the LiCl-NaCl-CaCl2-ZnCl2 system, all the Gibbs energies of pure
phases were determined from available literature and the corresponding functions of temperature dependence of the Gibbs energy are
described by Eq. (1).
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2. Thermodynamic modeling

oG φ (T )
i

ref G φ
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yNa2 ZnCl 4

and
represent the Gibbs energy as a function of
where
temperature and molar enthalpy at 298.15 K in its standard element
reference state (SER), respectively. The equation in right-side consists
of the absolute temperature (T) in Kelvin and coeﬃcients (a, b, c, d, e
and f). In view of this, the Gibbs energies of pure compounds for LiClNaCl-CaCl2-ZnCl2 system are obtained by combining temperature and
coeﬃcients available literature [17–22], as shown in Table 1.
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v

vL L
i, j

denotes the binary interaction parameter of the substances
where
i and j on the vth order. yNaCl , yZnCl2 and yNa2 ZnCl 4 refered to as the mole
fraction of pure species NaCl, ZnCl2 and Na2ZnCl4, respectively.
oG L , oG L
oG L
NaCl
ZnCl2 and
Na2 ZnCl 4 refer to as the Gibbs energy of liquid
phases in the corresponding compound, respectively. Moreover,
oG L
Na2 ZnCl 4 is deﬁned by Eq. (7)

2.2. Thermodynamic model of the liquid phase
2.2.1. The substitutional solution model (SSM)
The substitutional solution model (SSM) is well suited to describe
components randomly distributed on the crystal lattice without exchange energy. In the present work, it was used to model the Gibbs free
energies of liquid phases for LiCl-NaCl, LiCl-CaCl2, LiCl-ZnCl2, NaClCaCl2, CaCl2-ZnCl2 systems. The expression of Gibbs energy is given as:

oG L
Na2 ZnCl 4

L
= 2 oGNaCl
+

oG L
ZnCl2

L
L
+ ΔHNa
− T ΔSNa
2 ZnCl 4
2 ZnCl 4

(7)

L
L
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2 ZnCl 4
2 ZnCl 4
L
L
L
v
are
of Na2ZnCl4. Li, j , ΔHNa2 ZnCl 4 and ΔSNa
2 ZnCl 4

enthalpy and entropy
unknown parameters
needed to be optimized from the experimental thermodynamic data.
The functions for compositional relations dependence of the terminal

Table 1
Thermodynamic properties of compounds.
Phase
LiCl
NaCl

CaCl2

S
L
S
L
S
L

ZnCl2

S
L

T (K)

Gibbs energies (J/mol)

Refs.

298.15–2000
298.15–2000
298.15–2000
298.15–1500
1500–2000
298.15–1045
1045–2000
298.15–700
700–2000
298.15–591
298.15–1005

−421654.9 + 225.07 T-41.42Tln(T)-0.01170 T2
−417234.5 + 422.39 T-73.38Tln(T) + 0.00474 T2
−425542.2 + 240.42 − 45.94Tln(T) − 0.00816T2
−417806.6 + 442.51 T-77.76Tln(T) + 0.00377 T2
−410049.4 + 363.86 T-66.94Tln(T)
−361373.5–3567.26 T + 338.82Tln(T)-0.05463 T2-3980195.3 T−1-179502.0ln(T) + 61581.8 T0.5
−811136.5 + 275.53 T-56.31Tln(T)-0.01468 T2-70105.1 T−1
−785404.5 + 431.96 T-81.48Tln(T)-0.00127 T2-2789.1ln(T)
−815002.0 + 585.17 T-102.53Tln(T)
−435688.9 + 323.501 T-62.94Tln(T)-0.01433 T2
−416867.4 + 308.487 T-65.84Tln(T)-0.01156 T2

[17–21]
[17–21]
[17–22]
[17–22]
[17–22]
[17–22]
[17–22]
[17–22]
[17–22]
[21]
[21]
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Table 2
Assessed binary and ternary thermodynamic parameters for the LiCl-NaCl-CaCl2-ZnCl2 subsystems.
Systems

Phase type

Phase name

LiCl-ZnCl2

Solution

Liquid

NaCl-ZnCl2

LiCl-NaCl

Li2ZnCl4
α(ZnCl2)

Solution

Liquid

oG L
oG L
oG L
Na2 ZnCl 4 = 2
NaCl +
ZnCl2
0L L
=
11729.0
−
14T
NaCl, Na2 ZnCl 4
1L L
NaCl, Na2 ZnCl 4 = − 1206.5 + 4T
0L L
ZnCl2, Na2 ZnCl 4 = 1880.2 − 30T
1L L
ZnCl2, Na2 ZnCl 4 = − 8298.9 + 14T

− 32156.1 − 7T

Stoichiometric compounds

Na2ZnCl4

oG L
Na2 ZnCl 4

− 25975.1 + 5T

Solution

Liquid

Liquid

Liquid

Solution

xZnCl2 =

yNaCl + 2yNa2 ZnCl 4
yNaCl + 3yNa2 ZnCl 4 + yZnCl2

(9)

G Na2 ZnCl 4 = 2 oGNaCl +

oG
ZnCl2

+ a + bT

= 7207.9

= −1953.9

= −276.9

= −15279.7 + 1.0669T

= −3524.0
= 12666.7 − 12T

= −6055.3 − 5.5581T
= 38879.2 − 44.8601T

2706.1 + 3.7493T

L
LNaCl
, CaCl2, Na2 ZnCl 4 = − 22500

vL Solution (x
i
xi xj

− x j )v

where xi refers to the molar fraction of the corresponding pure
substance i, and L is the interaction parameter of temperature dependence of Gibbs energy of solution.
For the solid phases of LiCl-ZnCl2 and NaCl-CaCl2 systems, the
α(ZnCl2) and α(NaCl) were modeled as (P)m(P,Q)n where the pure P
exists on ﬁrst sublattice with P and Q occupying on the second sublattice. In this calculation, α(ZnCl2) and α(NaCl) were thermodynamically
treated as (NaCl)0.5(NaCl, CaCl2)0.5 and (ZnCl2)0.5(LiCl, ZnCl2)0.5, respectively, and the Gibbs energy is expressed as follows (13):

Intermediate compounds Li2ZnCl4 and Na2ZnCl4 were described as
stoichiometric compounds based on the Neumann-Kopp method, as
shown in Eqs. (10) and (11).

+ a + bT

oG L
ZnCl2

(12)

2.3. Thermodynamic model of intermediate compounds

oG
ZnCl2

= 2594.5

Gisolution
= x i GiS + x j GjS + RT (x i lnx i + x j lnyj ) + x i x j
,j

where the value of the internal variable yi is the mole fractions in site of
the species i, at which the Gibbs energy reaches the minimum.

G Li2 ZnCl 4 = 2 oGLiCl +

0L s
LiCl, NaCl
1L s
LiCl, NaCl

+

− 6088.1 + 0.202T

The compound energy formalism model is well suited for describing
all phases of the solid solution. For the LiCl-NaCl binary system, the
solid solution LiCl-NaCl(ss) with continuously homogeneity was notated
by (LiCl, NaCl). The Gibbs energy related to solid solutions is given by
Eq. (12)

(8)

yZnCl2 + yNa2 ZnCl 4
yNaCl + 3yNa2 ZnCl 4 + yZnCl2

= −4654.0

= −28.4

oG L
ZnCl2

2.4. Thermodynamic model of solid solution

components of the species are calculated according to Eqs. (8) and (9),

xNaCl =

0L L
LiCl, NaCl

1L L
CaCl2, ZnCl2
L
LCaCl2, ZnCl2 =

Liquid

oG L
NaCl

1L L
LiCl, NaCl

0L L
NaCl, CaCl2
1L L
NaCl, CaCl2
0L s
NaCl, CaCl2
1L s
NaCl, CaCl2

α(NaCl)

Solid solution

=2

0L L
LiCl, CaCl2
1L L
LiCl, CaCl2

Liquid

Solid solution

NaCl-CaCl2-ZnCl2

oG L +
Li2 ZnCl 4 = 2
LiCl
0L s
=
−
21220.5
LiCl, ZnCl2

oG

LiCl-NaCl

Solution

CaCl2-ZnCl2

= −2939.8 − 9.6719T
= 14280 − 28.6699T

Solid solution

Solution

NaCl-CaCl2

oL L
LiCl, ZnCl2
1L L
LiCl, ZnCl2

Stoichiometric compounds

Solid solution

LiCl-CaCl2

Parameters /(J·mol−1)

(10)
(11)

GPSolution
= yP
: P, Q

oG ϕ
P

+ yQ

oG ϕ
P:Q

+ RT (yP lnyP + yQ lnyQ ) + yP yQ LPSolution
: P, Q
(13)

where oGi is called the Gibbs free energy of pure compounds NaCl,
LiCl and ZnCl2 in its standard state; a and -b denote the contribution of
the formation enthalpy and entropy of the intermediate compounds,
respectively. The values remain constant according to the assumption of
temperature independence in Neumann-Kopp society. It is possible to
optimize model parameters based on the thermodynamic data available
in literature.

where R represents the ideal gas constant, while yi is equal to mole
number of site in second sublattice. oGPφ and oGPφ: Q represent the
perspective Gibbs energies of the endmembers of Pm+n and PmQn, respectively. LPSolution
refers to the interaction parameter of P and Q
: P, Q
components on the second sublattice. Furthermore, an additional energy of 20,000 J/mol for solution (ZnCl2)0.5(LiCl, ZnCl2)0.5 was
3
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Table 3
Calculated invariant points of the binary systems from the LiCl-NaCl-CaCl2ZnCl2 system.
Binary system
(A-B)

Reaction

Type

T/K

xA

xB

LiCl-ZnCl2

Liquid + LiCl ↔ Li2ZnCl4
Liquid ↔ Li2ZnCl4 + α(ZnCl2)
Liquid + NaCl ↔ Na2ZnCl4
Liquid ↔ Na2ZnCl4 + ZnCl2
Liquid ↔ LiCl + CaCl2
Liquid ↔ α(NaCl) + CaCl2
Liquid ↔ CaCl2 + ZnCl2

Peritectic
Eutectic
Peritectic
Eutectic
Eutectic
Eutectic
Eutectic

605
547
664
528
748
784
587

0.528
0.298
0.626
0.323
0.638
0.472
0.025

0.472
0.702
0.374
0.677
0.352
0.528
0.975

NaCl-ZnCl2
LiCl-CaCl2
NaCl-CaCl2
CaCl2-ZnCl2

considered to prevent the formation of solid solution in the entire
composition range, which is shown as Eq. (14).
oG ϕ
ZnCl2 : LiCl

=

oG ϕ
LiCl

+

oG ϕ
ZnCl2

+ 20, 000 (J/mol)

(14)

Fig. 1. Calculated LiCl-ZnCl2 phase diagram.

2.5. Thermodynamic optimization of binary systems
In this work, the thermodynamic optimization of LiCl-NaCl-CaCl2ZnCl2 system was critically carried out based on the least squares
method, where the model parameters were modiﬁed by an iterative
method until the simulation could reproduce the experimental data
well. In addition, weight factors were used to assess the phase equilibria
available in literature and the experimental data with large deviation
should be given a small weight in the calculation. All the calculated
model parameters and relevant invariant points of the binary systems
were further obtained in Table 2 and Table 3, respectively.
The phase equilibria of LiCl-ZnCl2 have been investigated by Liu
et al. [24] and Kanno et al. [25]. The two reports both indicated that it
consists of one eutectic (Liquid ↔ Li2ZnCl4 + α(ZnCl2)), one peritectic
(Li2ZnCl4 ↔ Liquid + LiCl) and one intermediate compound Li2ZnCl4.
Liu et al. [13] examined the whole phase diagram by the visual-polythermal method. The results show that the eutectic and the peritectic
points occur at 562 K and x(ZnCl2) = 0.698, 605 K and x(ZnCl2) = 0.472,
respectively. A low solid solubility α(ZnCl2) in ZnCl2-rich region has been
further determined. Kanno et al. [25] also investigated the phase
equilibrium relations in the whole range of compositions using DTA and
high temperature XRD measurements, which shows that the eutectic
point appeared at 550 K and x(ZnCl2) = 0.638, and the peritectic point
found at 594 K and x(ZnCl2) = 0.429. Antinio et al. [26] furthermore
optimized the LiCl-ZnCl2 system based on the structural model. However, the calculated liquid-liquid enthalpy of mixing is signiﬁcantly
diﬀerent from the experimental mixed enthalpy measured using calorimetry [27]. In view of this, the LiCl-ZnCl2 phase diagram has been
critical evaluated based on the thermodynamic and phase equilibria
data in Fig. 1. One eutectic reaction (Liquid ↔ ZnCl2 + Li2ZnCl4) was
calculated and found at 547 K and x(ZnCl2) = 0.702. The double salt
Li2ZnCl4 is modeled in this calculation, which melts incongruently at
605 K, and the peritectic composition corresponding to this temperature is x(ZnCl2) = 0.472. Moreover, a large solubility of LiCl in ZnCl2 is
considered in this calculation. Fig. 2 compares the calculated enthalpy
of mixing and the experimental values measured using calorimetry
[27]. It can be seen that the calculation is very consistent with the
experimental results.
The NaCl-ZnCl2 phase diagram has been reported systematically in
massive literature [28–31]. All the authors indicated this system consists of a eutectic reaction (Liquid ↔ NaCl + ZnCl2) and a peritectic
reaction (Na2ZnCl4 ↔ ZnCl2 + Liquid) without solid solubility. The
stoichiometric intermediate compound Na2ZnCl4 was conﬁrmed by Xray diﬀraction [28]. In light of this, the critical thermodynamic simulation of NaCl-ZnCl2 was carried out. The NaCl-ZnCl2 binary system
covers an intermediate compound Na2ZnCl4, a eutectic reaction (Liquid ↔ ZnCl2 + Na2ZnCl4) and a peritectic reaction (Na2ZnCl4 ↔

Fig. 2. Calculated enthalpies of mixing of the LiCl-ZnCl2 at 938 K.

Fig. 3. Calculated NaCl-ZnCl2 phase diagram.
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Fig. 4. Calculated enthalpies of mixing of the NaCl-ZnCl2 at 1100 K.

Fig. 6. Calculated enthalpies of mixing of the LiCl-CaCl2 at 1083 K.

ZnCl2 + Liquid), wherein the eutectic point and the peritectic point
were located at 528 K and x(ZnCl2) = 0.677, 664 K and x(ZnCl2) = 0.374,
respectively. No solubility in solid state was considered in the present
calculation. It could be seen from Fig. 3 that the calculated phase
equilibria are in good correspondence with the experimental phase
diagram, while a slight deviation exists at the eutectic point. The deviation in the experimental eutectic points could be caused by the high
moisture absorption and vapor pressure of ZnCl2, as well as the possible
impurities. The enthalpy of mixing of the liquid is not documented by
measurement, except that it was estimated by the molecular dynamics
(MD) simulations by Manga et al. [32]. Fig. 4 is the calculation of enthalpy of mixing for the binary NaCl–ZnCl2 system together with the
predicted data. This calculation displays a somewhat deviation with the
prediction by Manga et al. [32]. However, it is widely recognized that
there is a short-range order in the ZnCl2 solution which produces a “Vshaped” enthalpy of mixing [33].
The complete LiCl-CaCl2 phase diagram was determined to be a
simple eutectic type without any reported intermediate and solid solution [34–37]. Some researchers reported that the LiCl-CaCl2 binary
system is just simple eutectic type with neither intermediates nor solid
solutions. Some researchers indicated there is an intermediate compound LiCaCl3 melting at 714 ± 3 K which is below the temperature of
the eutectic. The calculated phase diagram of LiCl-CaCl2 together with
the experimental data has been plotted in Fig. 5. The calculated eutectic

reaction located at 748 K and x(CaCl2) = 0.352. Neither intermediate
compounds nor solid solutions were considered in this evaluation. The
calculated enthalpies of mixing at 1083 K along with measured values
of Ostvold [38] were shown in Fig. 6. There is excellent agreement
between the calculated results and most of the experimental data.
Several groups have studied experimental phase equilibria of NaClCaCl2 binary system by the method of DTA, thermal analysis, and XRD
[22,39–48]. This system consists of a eutectic reaction and a broad solid
solution appearing on the NaCl-rich region. The incongruent compound
Na4CaCl6 was not expected according to equation of the limiting slopes
[33]. The calculated phase equilibria of NaCl-CaCl2 binary system is
displayed in Fig. 7. The eutectic reaction Liquid = α(NaCl) + CaCl2 is
located at 784 K and x(CaCl2) = 0.528. A broad region of solid solution
on the NaCl-riched region was considered in this calculation. Moreover,
the enthalpy of mixing of liquid phase calculated at 1098 K, in comparison with available values measured Hersh and Kleppa [49] in
Fig. 8. The present calculation well and consistently ﬁtted all the experimental values.
The LiCl-NaCl binary phase diagram was investigated by thermal
analysis in several investigations [50,51]. Klochko [50] reported a
minimum in liquid phase at 801 K and x(NaCl) = 0.290 by visual-polythermal methods. Schaefer and Neues [51] determined the consolute
point for miscibility of 544 K and x(NaCl) = 0.43 by optical investigation. Sangster and Pelton [52] calculated the liquidus for the LiCl-NaCl

Fig. 5. Calculated LiCl-CaCl2 phase diagram.

Fig. 7. Calculated NaCl-CaCl2 phase diagram.
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Fig. 8. Calculated enthalpies of mixing of the NaCl-CaCl2 at 1098 K.

Fig. 11. Calculated CaCl2-ZnCl2 phase diagram.

binary system by the complete evaluation of the available information
in literature [50]. The minimum in the liquidus is 817 K and
x(NaCl) = 0.280, and a solid-solid demixing is at 514 K and
x(NaCl) = 0.330. Tian et al. [53] further conﬁrmed the structure of the
composition using XRD. Therefore, the phase equilibria of LiCl-NaCl
was re-optimized as shown in Fig. 9. The calculated minimum located
at 819 K and x(NaCl) = 0.275 and solid-solid demixing was determined
at 526 K and x(NaCl) = 0.330. Fig. 10 represents the enthalpies of liquid
mixtures of liquid LiCl and solid NaCl at 1013 K, in good agreement
with the measurement of Hersh and Kleppa [49].
Phase equilibria concerning the CaCl2-ZnCl2 binary system has been
conducted using cooling curve by two groups of researchers [54,55].
Both investigations proved this system is a simple eutectic type. The
calculated CaCl2-ZnCl2 phase diagram was compared to the available
phase equilibria data in Fig. 11. The calculated eutectic point is 587 K
and x(ZnCl2) = 0.975. There were no solid solution and intermediate
compounds in the calculation.
2.6. Thermodynamic optimization of ternary systems

Fig. 9. Calculated LiCl-NaCl phase diagram.

The possible solid solution data could not be used to calculate the
liquidus projection due to the blank of experimental phase equilibria in
previous study. The phase diagrams and thermodynamics of the LiClNaCl-ZnCl2, LiCl-CaCl2-ZnCl2, NaCl-CaCl2-ZnCl2 and LiCl-NaCl-CaCl2
ternary systems could be predicted directly based on the optimized
thermodynamic database of all the subsystems using the Kohler-Toop
interpolation method. According to the experimental trial-and error
method, excess parameter for the NaCl-CaCl2-ZnCl2 liquidus is given to
obtain an accurate phase equilibrium. In this prediction, the liquidus
projection of LiCl-NaCl-ZnCl2, LiCl-CaCl2-ZnCl2, NaCl-CaCl2-ZnCl2 and
LiCl-NaCl-CaCl2 ternaries were given in Figs. 12–15. The calculated
invariant points in corresponding temperature of the ternary system in
Table 4.
3. Sample preparation and measurement apparatus
The raw chemicals of LiCl (99.00%), NaCl (99.95%) CaCl2 (99.00%)
and ZnCl2 (98.00%) were purchased from Sinopharm Chemical Reagent
Co., Ltd. All the materials were dried and held at 423 K in order to
remove as much moisture as possible prior to experiments. The target
samples were well-mixed with predicted mass ratios. Each mixture was
heated continuously over the melting points of 100 K and held in the
furnace under an argon atmosphere for at least 180 min to make sure
the mixtures form homogeneous solutions. To prevent moisture

Fig. 10. Calculated enthalpies of mixing of the LiClliquid and NaClsolid at 1013 K.
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Fig. 12. Calculated LiCl-NaCl-ZnCl2 phase diagram.

Fig. 14. Calculated the NaCl-CaCl2-ZnCl2 phase diagram.

Fig. 13. Calculated LiCl-CaCl2-ZnCl2 phase diagram.

Fig. 15. Calculated LiCl-NaCl-CaCl2 phase diagram.

absorption, all the chemicals were prepared and measured in glove
boxes with argon as the protective gas.
DSC method (DSC-404 F3, NETZSCH) was performed to obtain the
enthalpies of fusion, temperature of fusion and speciﬁc heat capacities
for eutectic mixtures. The precision of the temperature and calorimeter
was checked by comparison with indium, bismuth, stannum, zinc and
aluminum standards. The temperature measurement error was estimated within ± 1 K and the accuracy of the calorimeter was within ±
3% in the temperature range from 373 K to 1073 K. Diﬀerential scanning calorimetry (DSC) tests were conducted with a heating rate of
5 K·min−1 and a ﬂow rate of 50 ml·min−1 argon. For the measurements
of temperature and enthalpy of fusion, ten milligrams of the sample was
maintained in an Al2O3 crucible equipped with a platinum–rhodium lid
in order to avoid volatilization as much as possible. The heating and

cooling curves of mixtures were repeated three times in order to ensure
more valuable results.
The sapphire method was used to conduct the heat capacities of
LiCl-NaCl-ZnCl2 ternary system in the range of 375–623 K and NaClCaCl2-ZnCl2 in the range from 520 K to 725 K. In this method, the
crucible and the reference were located in the same sample holder
where the temperature sensors monitor the temperature signal during
the measurement processes. In this method, the heat curve of the empty
crucible was measured ﬁrstly as a baseline. Then the heat curve of
crucible with sapphire was obtained as a standard reference. Moreover,
the sample to be measured was placed in the crucible and the heat
curve was recorded. After that, the speciﬁc heat capacities of mixtures
could be deduced as a result of the three basic procedures.
The densities of the eutectic mixtures were determined based on
7
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Table 4
Calculated invariant points (mole fraction) in corresponding temperature (T/K) of the ternary system.
Ternary system (A-B-C)

Reaction

Type

T/K

xA

xB

xC

LiCl-NaCl-ZnCl2

Liquid + LiCl-NaCl ↔ Li2ZnCl4 + Na2ZnCl4
Liquid ↔ Li2ZnCl4 + Na2ZnCl4 + α(ZnCl2)
Liquid + LiCl-NaCl ↔ Li2ZnCl4 + CaCl2
Liquid ↔ Li2ZnCl4 + CaCl2 + α(ZnCl2)
Liquid ↔ Na2ZnCl4 + CaCl2 + NaCl
Liquid ↔ Na2ZnCl4 + CaCl2 + ZnCl2

Peritectic
Eutectic
Peritectic
Eutectic
Peritectic
Eutectic

565
520
699
545
648
527

0.221
0.138
0.514
0.296
0.586
0.321

0.308
0.236
0.044
0.013
0.118
0.004

0.471
0.626
0.442
0.691
0.296
0.675

LiCl-CaCl2-ZnCl2
NaCl-CaCl2-ZnCl2

Archimedes principle by a device constructed by our group. In this
work, the platinum block was suspended below an electronic balance
using a platinum wire of diameter d/mm = 0.3. The platinum block
was immersed in air, deionized water, and molten salt, respectively,
and the weight of platinum block was measured by the electronic balance. The temperature was monitored using Pt–Pt10Rh thermocouple
in real time. The density of the molten salt was further calculated by the
change of ﬂotage due to the temperature dependence, where the volume of platinum block was determined in deionized water.
The thermal stability of the eutectic mixtures was investigated by
means of the thermogravimetric analyzer (TGA, PerkinElmer). The
homogenised sample in Al2O3 crucible was transferred into a preheated
furnace at 373 K for 20 min under dried argon atmosphere to remove
moisture completely. After that, the molten salt mixtures in this work
were furthermore heated at rates of 10 K·min−1 up to 300–400 K above
the temperature of fusion until signiﬁcant mass loss was experienced.
X-ray diﬀraction of the solid mixtures were observed by a D8
Advance XRD, AXS® at a voltage of 40 kV and a current of 40 mA to
analyze crystal structure of the obtained samples. The records of angles
of diﬀraction were performed from 10° to 80° with a scanning rate of
5°·min−1.

Fig. 17. DSC curves of eutectic point for the LiCl-NaCl-ZnCl2
(13.8–23.6–62.6 mol%) subsystem with a scanning rate of 5 K/min.

4. Experimental results and discussions
4.1. Temperature and enthalpy of fusion
According to result of the thermodynamic evaluation of LiCl-NaClCaCl2-ZnCl2 system, the eutectic temperature of the ternary system
LiCl-NaCl-ZnCl2 based on the eutectic composition xLiCl = 0.138,
xNaCl = 0.236 and xZnCl2 = 0.626 in mole fraction is 520 K. The peritectic temperature of the NaCl-CaCl2-ZnCl2 system was predicted to be
648 K with the mole proportions of xNaCl = 0.586, xCaCl2 = 0.118 and
xZnCl2 = 0.296. These results were conﬁrmed by comparing the experimental results via DSC at diﬀerent scanning rates of 2, 5 and 10 K/
min in order to obtain a reliable temperature and enthalpy of fusion.
Figs. 16–23 show the second heating and cooling curves of the eutectic
salt mixtures. Unfortunately, the average melting point of eutectic
composition in LiCl-NaCl-ZnCl2 system is 495 K, which is lower than the

Fig. 18. DSC curves of eutectic point for the LiCl-NaCl-ZnCl2
(13.8–23.6–62.6 mol%) subsystem with a scanning rate of 10 K/min.

Fig. 19. DSC curves of eutectic point for the LiCl-NaCl-ZnCl2
(13.8–23.6–62.6 mol%) subsystem with diﬀerent scanning rates.
Fig. 16. DSC curves of eutectic point for the LiCl-NaCl-ZnCl2
(13.8–23.6–62.6 mol%) subsystem with a scanning rate of 2 K/min.
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Fig. 20. DSC curves of eutectic point for the NaCl-CaCl2-ZnCl2
(58.6–11.8–29.6 mol%) subsystem with a scanning rate of 2 K/min.

Fig. 23. DSC curves of eutectic point for the NaCl-CaCl2-ZnCl2
(58.6–11.8–29.6 mol%) subsystem with diﬀerent scanning rates.

Fig.21. DSC curves of eutectic point for the NaCl-CaCl2-ZnCl2
(58.6–11.8–29.6 mol%) subsystem with a scanning rate of 5 K/min.

Fig. 24. Speciﬁc heat capacity of LiCl-NaCl-ZnCl2 (13.8–23.6–62.6 mol%) eutectic mixture.

Fig. 22. DSC curves of eutectic point for the NaCl-CaCl2-ZnCl2
(58.6–11.8–29.6 mol%) subsystem with a scanning rate of 10 K/min.

predicted value within 25 K. For the NaCl-CaCl2-ZnCl2 system, the
heating and cooling curve of peritectic point appeared a single peak,
which suggest that this is a eutectic point rather than peritectic point.
The experimental average melting temperature of 645 K is higher than
the predicted value by around 3 K. The measured average enthalpies of
fusion for LiCl-NaCl-ZnCl2 and NaCl-CaCl2-ZnCl2 systems are 108.8 J/g
and 163.7 J/g, respectively.
4.2. Speciﬁc heat capacity
Fig. 25. Speciﬁc heat capacity of NaCl-CaCl2-ZnCl2 (58.6–11.8–29.6 mol%)
eutectic mixture.

The speciﬁc heat capacity for the LiCl-NaCl-ZnCl2 and NaCl-CaCl2ZnCl2 ternary systems were analyzed in the temperature range from
375 K to 623 K and from 520 K to 725 K, respectively. Figs. 24 and 25
show the Cp-T curves of the eutectic salt mixtures with a scanning rate
of 5 K/min.
The speciﬁc heat capacity for the LiCl-NaCl-ZnCl2 ternary system at

liquid phase was conducted in the range of 532 to 572 K, whereas the
speciﬁc heat capacity of NaCl-CaCl2-ZnCl2 at liquid phase was determined in the range from 680 K to 710 K. The temperature
9
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Table 6
Densities of the pure component molten salt and mult-component mixtures
dependence of temperature (T/K) of LiCl-NaCl-CaCl2-ZnCl2 system.
Salt

Densities (g/cm3)

Ref.

LiCl
NaCl
CaCl2
ZnCl2(a)
ZnCl2(b)
LiCl-NaCl-ZnCl2

1.8842–4.328*10−4T
2.1393–5.43*10−4T
2.5261–4.23*20−4T
2.69–5.12*10−4T
2.7831–4.48*10−4T
2.5582–4.63*10−4Ta
2.4923–5.03*10−4Tb
2.4605–5.10*10−4Ta
2.4250–5.27*10−4Tb

[58]
[58]
[58]
[58]
[58]
This work
This work
This work
This work

NaCl-CaCl2-ZnCl2

a
Mole-fraction Average 1 indicated the value of density was predicted from
ZnCl2(a).
b
Mole-fraction Average 2 indicated the value of density was performed from
ZnCl2(b).

Fig. 26. DSC speciﬁc heat capacity of liquid state for LiCl-NaCl-ZnCl2
(13.8–23.6–62.6 mol%) ternary eutectic mixtures.

Fig. 28. Density of LiCl-NaCl-ZnCl2 (13.8–23.6–62.6 mol%) ternary eutectic
salt mixtures.

molecular weight (g·mol−1) for pure component, respectively. xi denotes the molar fraction of each pure ith salts. The contribution of
thermal capacity of each mole of atoms is 8 (cal·mol−1·K−1) in this
approach. The temperature is considered as constant in the DulongPetit method. The heat capacities Cp (cal·mol−1·K−1) of LiCl-NaClZnCl2 and NaCl-CaCl2-ZnCl2 systems were predicted based on Eq. (17).
The predicted values and experimental values of Cp for the eutectic
salts were realized in Figs. 26 and 27. The results show that all speciﬁc
heat capacities predicted by the Dulong-Petit method were lower than
the experimental values. For the NaCl-CaCl2-ZnCl2 ternary system, satisfactory agreements were achieved between the experimental and the
calculated speciﬁc heat capacity, since the average value of speciﬁc
heat capacities from experiment and Dulong-Petit method are 0.935 J/g
K and 0.920 J/g K, respectively. In contrast, values concerning the
speciﬁc heat capacity of LiCl-NaCl-ZnCl2 predicted by the Dulong-Petit
method had relatively larger deviations compared to the experimental

Fig. 27. DSC speciﬁc heat capacity of liquid state for NaCl-CaCl2-ZnCl2
(58.6–11.8–29.6 mol%) ternary eutectic mixtures.

dependence of the heat capacities for LiCl-NaCl-ZnCl2 and NaCl-CaCl2ZnCl2 systems were expressed as Eqs. (15) and (16), respectively.

Cp = −1.40 × 10−4T + 1.1239

(15)

Cp = −4.69 × 10−4T + 1.2642

(16)

The speciﬁc heat capacities of LiCl-NaCl-ZnCl2 and NaCl-CaCl2ZnCl2 systems were also predicted by Dulong-Petit method. The
Dulong-Petit equation is expressed as follow:

Cp = 8

∑ x i Ni
∑ x i Mi

(17)

where Ni and Mi are the contributions of number of atoms and
Table 5
The melting points speciﬁc heat capacity of molten chlorides and nitrates.
systems

Composition (wt%)

Melting point (K)

Heat capacity (J/g K)

Ref.

NaCl-KCl-ZnCl2
NaNO3-KNO3
KCl-MgCl2
NaCl-KCl-MgCl2
LiCl-NaCl-ZnCl2
NaCl-CaCl2-ZnCl2

7.50–23.90–68.60
60.00–40.00
62.50–37.50
24.50–20.50–55.00
5.57–13.14–81.29
39.05–14.94–46.01

477
493
699
660
495
645

0.81
1.52
1.15
1.18
1.06
0.94

[13]
[13]
[13]
[56]
This work
This work
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Fig. 32. XRD of solidiﬁed sample of investigated eutectic system LiCl-NaClZnCl2 (13.8–23.6–62.6 mol%).

Fig. 29. Density of NaCl-CaCl2-ZnCl2 (58.6–11.8–29.6 mol%) ternary eutectic
mixtures.

Fig. 33. XRD of solidiﬁed samples of the investigate system NaCl-CaCl2-ZnCl2
(58.6–11.8–29.6 mol%)

experimental data available in literature. The speciﬁc heat capacities of
the LiCl-NaCl-ZnCl2 and NaCl-CaCl2-ZnCl2 eutectic salts were compared
with the potential candidates of chlorides and nitrates in Table 5. Results indicated that the investigated eutectic salts show great potential
as TES materials.
Fig. 30. TG curve of ternary chloride NaCl-CaCl2-ZnCl2 (58.6–11.8–29.6 mol
%).

4.3. Liquid density measurement
Densities of the LiCl-NaCl-ZnCl2 and NaCl-CaCl2-ZnCl2 eutectic salts
were experimentally determined based on Archimedes’ principle.
Linear relationships between density and temperature for LiCl-NaClZnCl2 and NaCl-CaCl2-ZnCl2 systems were commonly recognized and
given as:

ρ = −5.40 × 10−4T + 2.6211

(18)

ρ = −5.42 × 10−4T + 2.5131

(19)

The addictive principle has been widely used in the prediction of
density. Li et al. [57] predicted the density of NaCl-CaCl2-ZnCl2 according to the evaluation of ternaries in literature. In this work, the
calculation of the density of the NaCl-CaCl2-ZnCl2 was repeated and the
density LiCl-NaCl-ZnCl2 eutectic salts was also predicted with the calculated mole fractions, as shown as follow:

ρ=

∑ xi ρi

(20)

where xi denotes the mole fraction of ith component and ρi represents
the density of corresponding pure salts. The density ρ of investigated
mixtures were thus predicted by the empirical estimation according to
Eq. (20). Expressions of densities of the individual chloride salts and
molten salt mixtures also were given in Table 6.
As seen in Figs. 28 and 29, the calculated values from the addictive
principle were plotted together with the experimental data based on the

Fig. 31. TG curve of ternary chloride LiCl-NaCl-ZnCl2 (13.8–23.6–62.6 mol%).

results. The average value of speciﬁc heat capacity from experiment
and Dulong-Petit method are 1.057 J/g K and 0.841 J/g K, respectively,
with a maximum deviation reaching up to 20.4%. The results suggest
that this prediction method should be used when there is no
11
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components, including speciﬁc heat capacity, density and thermal stability, are further conducted by thermal analysis. For the LiCl-NaClZnCl2 eutectic salt mixture, enthalpy of fusion is 108.8 J/g, speciﬁc heat
capacity of liquid state is 1.057 J/g·K and density is 2.265 g/cm3 at
663 K. The LiCl-NaCl-ZnCl2 eutectic salt mixture could be stable at the
temperature up to 818 K. For the NaCl-CaCl2-ZnCl2 eutectic salt mixture, enthalpy of fusion is 163.7 J/g, speciﬁc heat capacity of liquid
state is 0.935 J/g·K and density is 2.084 g/cm3 at 693 K. The NaClCaCl2-ZnCl2 eutectic salt mixture could be stable at the temperature up
to 884 K. It is expected that the LiCl-NaCl-ZnCl2 and NaCl-CaCl2-ZnCl2
eutectic salt mixtures could serve as thermal storage media for the
application of the TES technology in CSP plants.

Archimedes’ principle for comparison. The results show that the densities of mixtures from measurement are better consistent with the
Mole-fraction Average 1 than Mole-fraction Average 2 (see Figs. 28 and
29).
4.4. Thermal stability
The thermal stability of the molten salt mixtures plays an important
role in determining the operating temperature range as the heat TES
media. The thermal stabilities of the LiCl-NaCl-ZnCl2 and NaCl-CaCl2ZnCl2 ternary systems were measured using TGA apparatus and shown
in Figs. 30 and 31.
For the NaCl-CaCl2-ZnCl2 ternary system, the curve of sample
weight change was measured experimentally in a constant pure of
argon atmosphere at a temperature ranging from 500 to 950 K in
Fig. 30. The upper limit of operating temperature of NaCl-CaCl2-ZnCl2
ternary system as the heat transfer and storage material is 884 K. As
shown in Fig. 31, the curve of sample weight change for the LiCl-NaClZnCl2 ternary system was also conducted experimentally in a constant
pure of argon atmosphere from 370 K to 870 K. The upper limit of
working temperature of LiCl-NaCl-ZnCl2 ternary system as the heat
transfer and storage material is 818 K. In the case of LiCl-NaCl-ZnCl2
ternary system, the sample suﬀer a mass loss of 2% at about 600 K,
probably due to the hydrolysis of intermediate compound
Li2ZnCl4·2H2O and Na2ZnCl4·3H2O. As mentioned in§3.1, ZnCl2 could
easily absorb moisture and hydrolysis reactions might exist. Furthermore, it is well known that ZnCl2 possess high vapor pressure, thus
causing the salt mixtures to evaporate rather than decompose. It could
be seen in Figs. 30-31 that the somewhat mass loss of molten salt
mixtures prior to the onset of decomposition is primarily due to the
evaporation of investigated system. It should be expected that the
weight loss associated with chloride volatilization could be much lower
in a closed system (see Figs. 30 and 31).
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